The performance of wireless network with multiple antennas in the single office room is evaluated. The ray tracing algorithm is used as a tool for the analysis. The system works in quasi-stationary radio channel, so the full channel side information is assumed. Each of the multiple antennas is the array of dipoles. The antennas with different directivities are compared and the optimal system configurations are shown. In each case, the capacity of the system is calculated. The combination of multiple antennas and maximal ratio combining technique is proposed in order to boost the system performance. The system complexity is kept at the access point of the network. The additional antennas are packed compactly and the size of access point is not enlarged. The proposed architecture of the access point seems to be very flexible and can effectively cooperate with the user terminals equipped with different number of the antennas.
I. INTRODUCTION
Multiple-input multiple-output (MIMO) systems have the great potential to achieve very high spectral efficiencies. Wireless Local Area Networks (WLANs) can superbly exploit the MIMO possibilities. If these systems are designed for indoor wireless communication, the radio channel is rather stationary or quasi-stationary. Thus, even if there are multiple antennas at both sides of the radio link, the channel can be effectively tracked and estimated at the receiver and at the transmitter. It is the case of full channel side information (full CSI). If it is the FDD system, the feed-back to the transmitter is also required. Besides, in the indoor system, the radio waves propagate in a rich multipath environment. The multipath propagation creates many problems (inter-symbol interference, distortion of the signal). However, the MIMO systems can take advantage of the multipath propagation. The rank of the channel transfer matrix and, in consequence, the system capacity can be high even if there is small spacing between the transmit or receive antennas.
The goal of this paper is to compare the WLAN networks using different types of antennas. The main criterion used for comparing different system configurations is average capacity of the wireless channels between the user terminals (UTs) and the access point (AP). The average capacity is calculated as the sum of the capacities of the wireless channels between each of the UTs and AP in the single-user communication divided by the number of the UTs. The coding scheme and modulation are not specified and the capacity is calculated as an upper bound of spectral efficiency in the communication channel. If channel transfer function is known at both the receiver and the transmitter, the optimal transmission is performed by singular value decomposition and waterfilling the power at the transmitter [1] . However, this technique requires much more complexity at the AP and at the UTs to calculate the eigenvalues of the channel transfer matrix. Furthermore, when average signal-to-noise-ratio (SNR) at the receiver antennas is high and the channel transfer matrix has the full rank, the strategy of equal power at the all transmit antennas is nearly optimal.
In this paper, the WLAN network operating at high SNR and in multipath environment is considered. Thus, despite of the full CSI, it is assumed that equal power strategy is applied. In this case, for the MIMO system ( r t n n , ) the capacity of the radio channel is given by [1] :
where r n I is the r r n n × identity matrix, H is the channel transfer matrix and "*" denotes the "transpose conjugate" operation.
In the calculations of the capacity, the focus is on geometric optimization of the network. Different antennas are compared and the influence of their directivity and half-power beamwidth is discussed. The position of the AP and the separation between the antennas are analysed and optimised. It is shown that the average capacity of the system significantly increases when maximal ratio combining (MRC) technique is applied. MRC can be used without adding any complexity in the UTs, only at the AP.
For the convenience, in the next sections of this paper, the AP is usually described as a transmitter and the UTs -as receivers. However, it should be noted that the radio transmission in this MIMO system is fully symmetric and duplex. The capacity is the same during the transmission in both directions.
The paper is organized as follows. The ray tracing algorithm, as a method to examine the radio propagation and calculate the channel transfer function, is presented in Section II. In Section III, the analysed WLAN network is described. In Section IV, different types of antennas and positions of the AP in the WLAN are compared. The effects of the MRC technique are introduced in Section V. Finally, the conclusions are presented in Section VI.
II. RAY TRACING ALGORITHM
To analyse the radio propagation, the ray tracing algorithm has been used. With the ray tracing, it is possible to calculate the radio channel transfer function ij h between j-th transmit antenna and i-th receive antenna. In the indoor environment, each radio wave propagates with many paths. The paths can be determined with the method of images [2] . There are infinite number of these paths. However, the laboratory measurements [3] show that limiting the calculations to the paths with up to 3 wall reflections gives the good accuracy. In this paper, the paths with 4 wall reflections are also calculated. The accuracy of the calculations with up to 4 wall reflections is also confirmed by the results presented in [4] . For each reflection, both wave polarizations with other reflection coefficients are considered.
Each ij h is given by:
where ijx h is the channel transfer function associated with xth path, n is the number of the radio paths between transmit and receive antennas. ijx h can be calculated as: The analysis and calculations are performed for the WLAN network placed in a single room of the dimensions: 10m × 15 m × 3m. It could be an office working room, a computer laboratory, a schoolroom, a small conference or lecture hall. The relative dielectric constant of the walls, ceiling and the floor was equal to 5, which is characteristic for wood material or some type of glass. The network consists of the AP and 32 UTs. The UTs (e.g. laptops, computers, printers and PDAs) are evenly distributed in the whole room at the height of 75 cm, which can be the height of the desks where people are working with their devices. The AP is situated just under the ceiling, on the desk among the UTs or on the wall. In the ray tracing calculations, the people, the furniture and the other equipment in the room are ignored. The carrier frequency is 2.4 GHz. The bandwidth of the system is assumed to be narrow so the inter-symbol interference caused by delay spread can be ignored. The AP as well as all the UTs have 4 antennas, so the radio channel between the AP and each of the UTs is the MIMO (4,4) channel. These 4 antennas are arranged in the square. In most of calculations, the separation between these antennas is equal to 2 wavelengths (25 cm). Generally, the larger separation increases the capacity, what is shown more precisely in Section V. From the other side, it is very uncomfortable for the users to have the huge AP and UTs. In the opinion of the authors, 25 cm is the acceptable size of the AP. It is also possible separation for laptops, printers and computers. However, in the case of some devices (e.g. PDAs), the separation must be smaller. Thus, the results for other antenna separations are also presented.
One could remark that the WLAN network is analysed in very specific conditions. To avoid this charge, the calculations are also performed for other parameters than specified above. The influence of relative dielectric constant of the walls and SNR is as follows. For all system configurations, the capacity of the WLAN increases with the relative dielectric constant. It was earlier reported in [5] . It is the effect of the increase of reflection coefficients and, as a result, the received signal power. On the other hand, the impact of the SNR is a simple consequence of (1): because of 4 antennas at each side of the radio link, the average capacity increases by nearly 4 bit/s/Hz with the SNR increasing each 3 dB. It should be noted that the calculations are performed only for high SNR. If SNR is low (e.g. about 0 dB), the assumed equal power strategy is very inefficient. The influence of other parameters: the dimensions of the room and antenna separation is reported in the next two sections. However, these parameter modifications do not change the general conclusions about the WLAN network.
The research has two stages described in Section IV and V, respectively. First, the capacity of the WLAN is studied as a function of the position of the AP and the directivity of the AP antennas. Three different types of the AP antennas are considered: 1, 2 and 4 center-fed thin quarter-wavelength dipoles organized in the linear array. The separation between dipoles is always 0.25 wavelength (0.25 λ). The excitation amplitude of all the dipoles is the same and the phase difference between the two adjacent ones is constant and equal to 90°. The parameters of these antennas are compared in Table 1 . The antennas of the UTs are single quarterwavelength dipoles all the time. However, it should be noted that the antennas used for the experiments are only the examples. Designing the antennas is beyond the scope of this paper. The problems of antennas efficiency and mismatching in feeding the antennas are also omitted. The authors are rather interested in the effects of using antennas with specific directivity and half-power beamwidth. The axes of all the dipoles are always perpendicular to the floor what determines their polarization. The field patterns of the linear arrays of dipoles can be calculated from the simple theoretic formulas as a superposition of the patterns of each dipole with appropriate normalization [6] . However, this method ignores the mutual coupling between the dipoles. To evaluate the impact of this phenomenon, the tests were done. The field patterns were again generated with EZNEC, the tool for modeling the antennas. The patterns from EZNEC and the analytical ones were used to calculate the capacity of the system for each type of the AP antenna. The differences were less than 0.03 bit/s/Hz in all cases, so the mutual coupling was ignored in further calculations. The mutual coupling also exists between the whole antennas at the AP and at the UTs. However, the separation between these antennas is much larger, usually 2 λ.
To compare different cases fairly, the transmitter should have the same power. The initial experiment was made. All the antennas at the AP and UTs were assumed to be simple dipoles. The transmitter (AP) was being moved along the diagonal of the ceiling and the average SNR at the receiver antennas was accordingly calculated. Then, the power of the transmitter was corrected to achieve average SNR of 20 dB. This power level is kept for all further experiments.
In the second stage of the research, the well known technique of MRC is used. MRC is one of the diversity techniques and it is sometimes called beamforming or linear combining. The antenna radiation patterns are adapted for the transmission between the AP and the particular UT. In the consequence, the channel gain is higher. It can be performed at the transmitter or at the receiver. However, the channel knowledge is needed at this side of the channel where this technique is applied.
If the receiver has k antennas and the transmitter has only 1 antenna, receive beamforming (MRC at the receiver side) can be applied by multiplying the k received signals by MRC coefficients and adding them together. The MRC coefficients are given by [1] : , ... 
where k h is the channel transfer function between the transmit antenna and the k-th receive antenna. If there are k transmit antennas and only 1 receive antenna, the analogous technique, called transmit beamforming, can be applied.
In this paper, the MRC technique is implemented in MIMO (4,4) system. Each of 4 AP antennas is in fact antenna array of k dipoles. The MRC algorithm is performed between the four pairs: array of dipoles at the AP and the antenna at the given UT. Therefore, the gains in four parallel channels are increased.
According to the information theory results [1] , transmit and receive beamformings are equally efficient. Since the full CSI is assumed, the beamforming can be performed at the AP all the time, regardless whether the AP transmits or receives. Such a solution increases the capacity of the system without adding the complexity to the UTs. Because of the MIMO-MRC combination, the AP has the huge amount of k ⋅ 4 dipoles. However, the very good results can be obtained when all the AP dipoles are placed in the 25 cm × 25 cm square. In this situation, the size of the AP is not enlarged.
IV. NETWORK ANALYSIS OF DIFFERENT AP LOCATIONS AND DIRECTIVITIES OF THE ANTENNAS
The location of the AP is crucial for the capacity of the WLAN with MIMO antennas. The ray tracing results presented below show that it is possible to achieve nearly twice as large capacity choosing the proper place for the AP.
When simple, single quarter-wavelength dipole antennas (directivity equal to 1.86 dB) at the AP are used, the best location for the AP is near the middle of the room -under the ceiling or, if it is possible, on the desk among the UTs. It can be easily understood since in such a situation the average path from the AP to the UTs is the shortest. Besides, when the AP is in the corner of the room, the angle of departure of the transmitted signals is limited what results in decreasing the channel matrix rank. In Fig.1 , the average capacity of the system with the AP being moved along the diagonal of the room is presented. If the AP is placed near the middle of the room, the capacity achieves 18.5 bit/s/Hz for the AP under the ceiling and 21.9 bit/s/Hz for the AP on the desk. For comparison, with the AP in the corner, the capacity does not exceed 10.4 bit/s/Hz and 12.8 bit/s/Hz, respectively. In these cases, the position of the AP is horizontal. The fast fluctuation of the capacity is caused by multipath fading -this phenomena can be also observed in the next figures. Fig. 1 . The average capacity of the system. The AP is installed under the ceiling (A) or is placed on the desk (B). In both cases, the AP is being moved along the diagonal of the room (18 meters long).
Assuming the AP to be situated in the middle of the room (under the ceiling or on the desk), the capacity does not increase when the antennas with higher directivities (linear arrays of dipoles) are used. If such AP antennas were pointed in different, nearly orthogonal directions, the transmitted signals would be less correlated. From the other side, the half-power beamwidth ( dB 3 θ ) would be small in this case.
Therefore, the signal received by the UTs scattered in the room would be strongly attenuated.
The linear arrays of dipoles can be effectively used when the AP is installed in the vertical position on the shorter wall of the room. All the antennas are pointed towards the middle of the room. Fig. 2 shows the capacities in this case for different types of the AP antennas. Table 1 compares the parameters of these antennas. The capacity of 19.1 bit/s/Hz can be achieved with the antennas with maximal gain equal to 7.24 dB. The capacity results for the AP located on the wall and in the middle of the room are compared in Table 2 . Fig. 2 . The average capacity of the system. The AP is installed vertically on the wall and is being moved up along the axis of the wall. Three different types of antennas (described in Table 1 ) are considered. The obtained results are similar when the room has a shape of the hallway or corridor instead of a schoolroom. The calculations analogous to the ones mentioned above were performed for the room dimensions: 3.75 m × 40 m × 3 m. The same transmitter power level was kept. That room has the same surface area as the schoolroom analysed earlier. When the AP is near the middle of such a hallway, the best results can be obtained with single dipole antennas (A1). The capacities of 17.9 bit/s/Hz (AP under the ceiling) and 20.1 bit/s/Hz (AP on the desk) can be achieved. If the AP is installed on the shorter wall, the antennas with gain of 7.24 dB (A3) are more efficient than single dipoles -the maximum capacity is 18.5 bit/s/Hz. Generally, the results for the hallway are a little worse in comparison to the ones obtained for the schoolroom, because of the longer radio paths.
If the dimensions of the room are scaled up, the calculated capacity of the system decreases. It concerns all the discussed cases. The reason is obvious: the bigger the room is, the longer the radio paths and the more attenuated the signals.
It should be emphasized that effective exploitation of multiple antennas is possible because of radio wave reflections and multipath propagation. If the radio wave propagated only by Line-of-Sight (LoS) path, the signals from different transmit antennas would be highly correlated. The multipath propagation results in decorrelation of received signals and also in strengthening the received power. In Fig.  3 , the influence of the multipath propagation on the system capacity is shown. The capacity is calculated with the AP being moved along the diagonal of the ceiling and different number of reflections being considered. The multipath fading can already be observed with only single reflections taken into account. The capacity is nearly the same for the cases of up to 2, 3 and 4 reflections, because the power of the radio rays reflected 3 or 4 times is very small. 
V. MIMO SYSTEM WITH MAXIMAL RATIO COMBINING
The capacity of the WLAN with MIMO antennas could be increased if the separation between the AP or UTs antennas were larger. The results presented in Fig. 4 prove that the signals transmitted from the AP antennas with separation equal to 2 λ are still correlated. However, the huge AP is troublesome and hardly acceptable to the users. At the UTs, large separation is usually impossible because of the dimensions of the terminals.
As an alternative, the MIMO system is proposed where the antenna patterns are shaped dynamically. The shaping of antenna patterns is performed by MRC algorithm. In order to avoid the complexity at the UTs, the MRC algorithm is applied only at the AP, during the transmission in both directions. It is possible due to the full CSI. Now, each AP antenna consists of 2, 4 or 6 dipoles. Such a transceiver can be called "the hedgehog AP", because of huge number of dipoles. All the dipoles are placed in the square 2 λ × 2 λ. The minimal separation between the dipoles is 0.5 λ, which value is confirmed to be optimal [1] . The basic idea of antenna arrangements at the hedgehog APs can be understood with the aid of Fig. 5 . The results of MIMO-MRC combination are presented in Fig. 6 and Fig. 7. In Fig. 6 , the AP is being moved along the diagonal of the room. The results for 2, 4 and 6 dipoles at each of the antennas are compared. With the MRC technique and maximum number of dipoles, the capacity of even 26.0 bit/s/Hz can be achieved. The analogous calculations for the AP installed on the wall are documented in Fig. 7 . The results are a little worse. The advantage of this position of the AP reported in Section IV was based on the directional antennas consisting of even 4 dipoles. Now, the additional dipoles are used to perform the MRC algorithm, so this advantage is lost. However, the results for the hedgehog AP both in the middle of the room and on the wall exceed the corresponding ones reported in Section IV. The hedgehog AP seems to be a very flexible structure. Such an AP can effectively cooperate with the UTs equipped with different number of antennas. When the UT has only 2 antennas, the whole set of AP dipoles is divided into two groups and the MRC algorithm is performed in these groups. The same strategy can be applied for the transmission with the UT with only 1 antenna. In this case, all AP dipoles form single antenna and dynamically shape its pattern. Every dipole at the AP is used all the time. 
VI. CONCLUSIONS
In this paper, the performance of the WLAN with MIMO (4,4) system was evaluated. On the basis of ray tracing calculations, two optimal configurations of the WLAN were presented. If the AP is in the middle of the room, the single dipole antennas should be used. Alternatively, the AP can be installed on the shorter wall and then the directional antennas are advantageous. The second configuration is especially preferable when the WLAN is in the long, not square room.
The capacity of the WLAN can be nearly 20 % higher when MRC technique is applied. With the additional dipoles, the AP antenna patterns are shaped dynamically. Since the full CSI is assumed, all added complexity is kept at the AP making the UTs as simple as it is possible. Nonetheless, the size of the AP is not enlarged, the dipoles are packed optimally compactly. Such an AP can adaptively cooperate with the UTs equipped with different number of antennas.
